A highly diverse fungal community associated with leaves of the mangrove plant Acanthus ilicifolius var. xiamenensis revealed by isolation and metabarcoding analyses Wei-Chiung 
INTRODUCTION
Mangroves are tropical intertidal forest communities, situated at coastal areas from low to high salinities (Tomlinson, 1986) . These communities host both terrestrial and marine fungi: terrestrial fungi, such as endophytic fungi, occur on the aerial parts of the plants, while marine fungi usually grow on the submerged/intertidal dead branches of the trees. Endophytic fungi inhabit plant organs for some time in their life cycle, and they can colonize internal plant tissues without causing apparent harm to the host (Petrini, 1991) . Arnold (2007) revised the definition of endophytic fungi as 'a polyphyletic group of highly diverse, primarily ascomycetous fungi, defined functionally by their occurrence within asymptomatic tissues of plants'.
For the last decade, various mangrove plants were examined for their endophytic fungal assemblages. The Ascomycota was dominant with many asexual species while the Basidiomycota was rare (De Souza Sebastianes et al., 2013; Zhou et al., 2018) . Pang et al. (2008) summarized the dominant endophytic fungi of various mangrove plant species and there were several common taxa: Sporormiella minima, Guignardia/Phyllosticta spp., Phoma spp., Diaporthe/Phomopsis spp., Cladosporium spp., Acremonium spp. and Collectotrichum spp. Xylaria spp. and Pestalotiopsis spp. were also common (Suryanarayanan & Kumaresan, 2000; Chaeprasert et al., 2010; Xing & Guo, 2011; De Souza Sebastianes et al., 2013) . Abundance and richness of endophytic fungi of mangrove plants are dependent on mangrove plant species and also their tissue types, i.e., stem, leaf or root (Xing et al., 2011; Zhou et al., 2018) . Avicennia germinans was found to support the lowest diversity of endophytic fungi compared with Laguncularia racemosa and Rhizophora mangle, and it was concluded to be the effect of salt excreted from leaves of A. germinans, which inhibits spore germination (Gilbert, Mejía-Chang & Rojas, 2002) . De Souza Sebastianes et al. (2013) studied endophytic fungi in branches and leaves of Rhizophora mangle, Avicennia schaueriana and Laguncularia racemosa and found that branches had a higher frequency of colonization and diversity than leaves. A higher number of isolates and species richness were also obtained from stems than roots in four species of Rhizophoraceae mangrove plants (Xing & Guo, 2011) . Roots of mangrove plants are inhabited with terrestrial, freshwater and marine fungi (Ananda & Sridhar, 2002) . Using high throughput sequencing techniques, Arfi et al. (2012) found that different fungal classes/orders were dominant in Avicennia marina and Rhizophora stylosa and between aerial and intertidal parts of the trees. Some endophytic fungi are host-specific and their diversity is seasonally varied (Suryanarayanan, Kumaresan & Johnson, 1998; Costa, Maia & Cavalcanti, 2012) . Diversity of endophytic fungi increased with leaf age and some fungi may switch from an endophytic lifestyle to a saprobic one after leaf fall (Kumaresan & Suryanarayanan, 2002) .
Acanthus ilicifolius var. xiamenensis is a mangrove plant distributed along the coast of southern China. The only distribution of A. ilicifolius var. xiamenensis in Taiwan is at Liuyu Township, Kinmen County with two small patches. However, their survival is under threat due to construction work for urban development. Previous studies on endophytic fungal assemblages associated with A. ilicifolius found that Colletotrichum spp. and Phomopsis spp. were the dominant species (Suryanarayanan & Kumaresan, 2000; Chaeprasert et al., 2010) . This study investigates the cultural diversity of endophytic fungi of surface-sterilized healthy leaves of A. ilicifolius var. xiamenensis and the diversity of fungi of the same leaves using Illumina MiSeq sequencing.
MATERIALS AND METHODS

Collection of samples
The mangrove plants Aegiceras corniculatum, Acanthus ilicifolius var. xiamenensis and Kandelia obovata are present at Lieyu Township, Kinmen County, Taiwan. A. ilicifolius var. xiamenensis is the only mangrove plant growing at the sampling site at Lieyu Township and it represents the only distribution in Taiwan (Fig. 1) . The characteristics of A. ilicifolius var. xiamenensis are shown in Fig. 2 . Healthy leaves (i.e., for isolation of endophytic over saprobic/pathogenic fungi) were collected on 16 January (60 leaves) and 11 July (35 leaves) 2014, placed in a cool box and transported to the laboratory at National Taiwan Ocean University for immediate fungal isolation.
Fungal isolation
Leaves were washed with tap water to remove surface dirt. Four discs (6 mm in diameter) were cut out from each leaf, surface-sterilized by immersing in 70% ethanol for 10 s and 4% sodium hypochlorite solution for 30 s, washed twice in sterile distilled water, and plated on 2% malt extract freshwater agar (MEAF, BD Bacto TM ; BD Biosciences, Sparks, MD, USA), supplemented with 0.5 g/L each of streptomycin sulfate (Sigma-Aldrich, MO, USA) and Penicillin G (Sigma-Aldrich, MO, USA). The inoculated plates were incubated at 25 • C and checked daily to observe fungal growth from the leaf discs for 1 month. Hyphal tips of different mycelial morphotypes from each plate (i.e., from the same leaf) were isolated and subcultured onto fresh MEAF. All cultures were kept at National Taiwan Ocean University.
Identification of fungal isolates
All isolated cultures were grouped into different colony morphologies, and identified by comparing their ITS sequences with those deposited in the National Center for Biotechnology Information (NCBI). Mycelia for each morphotype were ground into fine powder in liquid nitrogen using a mortar and pestle. Genomic DNA was extracted using the DNeasy Plant DNA Extraction Kit (Qiagen, Germantown, MD, USA) according to the manufacturer's instructions. ITS was amplified using the primer pairs ITS1 (or ITS5)/ITS4 (White et al., 1990) . PCR reactions were performed in a 25 µL volume containing ca. 20 ng DNA, 0.2 µM of each primer, 0.2 mM of each dNTP, 2.5 mM MgCl 2 and 1.25 U of Taq Polymerase (Invitrogen, Sao Paulo, Brazil). The amplification cycle consisted of an initial denaturation step of 95 • C for 2 min followed by 35 cycles of (a) denaturation (95 • C for 1 min), (b) annealing (54 • C for 1 min) and (c) elongation (72 • C for 1.5 min) and a final 10 min elongation step at 72 • C. The PCR products were analysed by agarose gel electrophoresis and sent to Genomics BioSci & Tech (New Taipei City, Taiwan) for sequencing. The sequences returned were checked for ambiguity and the forward/reverse strands were assembled in MEGA7 (Kumar, Stecher & Tamura, 2016) . The assembled sequences were submitted to NCBI for a nucleotide BLAST search. The ITS sequences of the fungal isolates were deposited in NCBI with the accession numbers given in Table 1 . 
Metabarcoding
Seventeen leaves used for the isolation described above were freeze-dried. Total genomic DNA was extracted using QIAGEN DNeasy Plant Mini Kit (Qiagen, Hilden, Germany) according to the manufacturer's instructions. A nested PCR approach was used to amplify a region of ITS spanning from 18S to 5.8S rDNA. The first set of primers was NSA3 (5 -AAACTCTGTCGTGCTGGGGATA-3 )/NLC2 (5 -GAGCTGCATTCCCAAACAACTC-3 ) (Martin & Rygiewicz, 2005) and the second set was ITS1-F_KYO1 (5 -CTHGGTCATTTAGAGGAASTAA-3 )/ITS2 (5 -GCTGCGTTCTTCATCGATGC-3 ) (White et al., 1990; Toju et al., 2012) . Adapters were added to the 5 end of the primers ITS1-F_KYO1 and ITS2. PCR amplification cycle with NSA3/NLC2 primers consisted of an initial denaturation step of 94 • C for 5 min, followed by 35 cycles of 94 • C for 30 s, 55 • C for 30 s and 72 • C for 30 s, and a final 5-min elongation step at 72 • C. For ITS1-F_KYO1/ITS2, the amplification consisted of an initial denaturation step of 95 • C for 10 min, followed by 35 cycles of 95 • C for 30 s, 55 • C for 30 s and 72 • C for 30 s, and a final 72 • C for 7 min. The PCR products were analyzed by agarose gel electrophoresis. For each leaf, five successful PCR products were pooled and purified using EasyPureTM PCR Clean up/Gel Extraction Kit (Bioman, New Taipei City, Taiwan) according to manufacturer's instructions. The purified product was shipped to Genomics (Taipei, Taiwan) for Illumina MiSeq sequencing. The raw sequences were filtered with a phred score ≥Q29 (a base call accuracy of ≥99.87%). The raw reads were paired into single reads and adaptors, primers and barcode sequences were removed using the QIIME script ''split_library.py'' (Caporaso et al., 2010) . Clustering was performed using uclust v1.2.22q (Edgar, 2010) in QIIME 1.9.0 (Caporaso et al., 2010) . The reads were processed with UCHIME (Edgar et al., 2011) to reject chimeric sequences. Picking of Operation Taxonomic Units (OTUs) and taxonomic assignments were performed with an open-reference OTU picking approach against the UNITE database in QIIME 1.9.0 (Caporaso et al., 2010) . A similarity threshold of 97% was adopted. Taxonomic assignment of representative OTUs was run at a 0.97 confidence threshold against the UNITE ITS1 database with UNITE 7.2 reference OTU database (''UNITE+INSD'' dataset) using the assignTaxonomy method (Kõljalg et al., 2013) .
Statistical analysis
Total number of isolates (total abundance, N), Richness (total number of taxa in the community, S), Species Richness (Margalef), Shannon-Wiener Diversity Index, Pielou's Evenness and Simpson Diversity Indices (Simpson's Index, Simpson's Index of Diversity, Simpson's Reciprocal Index) were calculated in Microsoft Excel by first computing the variables of the equations and then using the math operators to calculate the different indices. Rarefaction and extrapolation sampling curves were computed and plotted to estimate sample completeness (sample coverage) in R package iNEXT (iNterpolation/EXTrapolation) with the 95% lower and upper confidence limits for the isolation and metabarcoding data (Hsieh, Ma & Chao, 2016) . A principle component analysis (PCA) was calculated by the R software using the R function prcomp() (R Core Team, 2013) .
RESULTS
Diversity of culturable fungi
A total of 203 isolates were cultured from leaves of Acanthus ilicifolius var. xiamenensis collected in January and July 2014 at Kinmen Township, Taiwan and ITS of the representative isolate for each morphotype was sequenced (Tables 1-2 ). The fungi were identified down to species level when the BLAST search results had a high percentage coverage and identity in NCBI; otherwise, they were given an identity at the genus/family level.
A total of 104 and 99 isolates were cultured from the winter (January) and summer (July) samples, representing 30 and 26 fungal species, respectively (Tables 1-2). Nine species were common between the two sampling times, therefore, 47 different fungal species were isolated from leaves of A. ilicifolius var. xiamenensis. The higher percentage of occurrence (Table 1) in the winter samples included Drechslera dematioidea (10.58%), Colletotrichum sp. 3 (7.69%) and Alternaria sp. (7.69%); and in the summer samples, Fusarium oxysporum (13.13%), Diaporthe endophytica (10.10%), Colletotrichum sp. 1 (9.09%), Fusarium sp. (8.08%), Corynespora cassiicola (8.08%), Guignardia sp. (7.07%) and Alternaria alternata (7.07%). Overall, C. cassiicola (6.90%), F. oxysporum (6.40%), Guignardia sp. Diversity indices were calculated for the fungal communities in the winter and summer samples ( Table 2 ). The fungal community in the winter samples had a higher species richness of 6.24 (Margalef) and a higher diversity of 3.15 (Shannon-Wiener Diversity Index) than that in the summer samples (5.44 and 2.92, respectively). The Margalef and Shannon-Wiener Diversity indices with the data combining the two seasons were 8.66 and 3.83, respectively. The rarefaction and extrapolation analysis suggested that species diversity was projected to be higher in the winter samples than in the summer samples but both samples did not reach species saturation (Fig. 3A) . Figures 4A-4C show the taxonomic composition of the cultured fungi at different taxonomic levels. In the winter (January 2014), only Ascomycota was isolated with no Basidiomycota; in the summer, Basidiomycota had a ∼5% occurrence (Fig. 4A) . At the class level, Dothideomycetes and Sordariomycetes were the dominant classes in both seasons and Agaricomycetes was only isolated from the summer samples (Fig. 4B) . At the ordinal level, the richness of fungi in summer was higher than that in winter. Seven orders Botryosphaeriales, Capnodiales, Diaporthales, Dothideales, Glomerellales, Pleosporales and Xylariales were common between the sampling times but varying in abundance (Fig. 4C ). Amphisphaeriales and Hypocreales were not isolated in winter.
Metabarcoding analysis
Seventeen samples (leaves) were analyzed by the metabarcoding analysis: 10 for the winter and 7 for the summer samples. A total of 773685 reads were obtained after QIIME analysis, including 314692 reads from the winter samples ranging from 2169 to 54606 reads, and 458993 reads from the summer samples ranging from 39151 to 93295 reads (Table 2) . From the set of 17 samples, a total of 111 OTUs were identified, from which 86 could be referred to the generic level and 25 to the family level or above, including 96 OTUs (76 OTUs identified at the genus level) from the winter and 70 OTUs (55 OTUs identified at the genus level) from the summer samples (Table 3) . Fifty-five OTUs (41 OTUs identified at the genus level) were common between the two seasons. Figures 4D-4F shows the proportions of the different taxa at the phylum, class and order levels. Both Ascomycota and Basidiomycota were recovered at proportions of 52.5% (percentage of occurrence based on read number) and 44.0% from the summer and 83.5% and 11.8% from the winter samples, respectively, with a higher proportion of basidiomycetous sequences in the summer samples (Fig. 4D) . Overall, Ascomycota (65.1%) was dominant over Basidiomycota (30.9%). At the class level, 11 different fungal classes were obtained from both the winter and summer samples (Fig. 4E) . Seven classes were common between the samples: Agaricomycetes, Cystobasidiomycetes, Dothideomycetes, Eurotiomycetes, Microbotryomycetes, Sordariomycetes and Tremellomycetes. Dothideomycetes was the dominant class in both winter and summer samples (32.6% and 40.4%, respectively). Other classes only constituted less than 2% of the sequences, excluding those only referred to the phylum level ('Others'). Exobasidiomycetes and Geminibasidiomycetes were only recovered from the winter samples and likewise, Malasseziomycetes and Saccharomycetes in the summer samples. The proportion of the different major classes overall was similar to that of the individual winter and summer samples.
Twenty-two and nineteen different fungal orders were identified in the winter and summer samples, respectively (Fig. 4F) . Agaricales, Botryosphaeriales, Capnodiales, Chaetothyriales, Diaporthales, Dothideales, Erythrobasidiales, Eurotiales, Glomerellales, Hypocreales, Pleosporales, Polyporales, Russulales, Sporidiobolales, Tremellales and Xylariales were recovered from both samples but varying in abundance, excluding the sequences only identified above the order level ('Others'). The dominant orders in the winter samples were Capnodiales (22.2%), Pleosporales (9.1%) and Tremellales (1.9%). Capnodiales (21.8%) was also the most dominant order in the summer samples, followed by Dothideales (14.5%) and Pleosporales (3.8%). Exobasidiales, Geminibasidiales, Golubeviales, Microascales and Venturiales were only found in the winter samples and Malasseziales and Saccharomycetales in the summer samples; these orders exclusive to their respective sample type only constituted a low sequence abundance (<0.1%). Combining the data from the two seasons, the dominant orders were Capnodiales (22.0%), Dothideales (8.8%) and Pleosporales (5.9%). At genus and species levels, taxa having the highest percentage of occurrence included Alternaria sp. (3.46%), Cladosporium delicatulum (2.56%) and Pyrenochaetopsis leptospora (1.41%) in the winter samples, and Aureobasidium sp. (10.72%), Cladosporium sp. (7.90%), C. delicatulum (3.45%) and Hortaea werneckii (3.21%) in the summer samples (Table 3) . These latter four species also had the highest overall percentage of occurrence (both seasons).
Calculated from the read numbers of the different OTUs, the fungal community in the winter samples had a higher species richness of 7.50 (Margalef) than that in the summer samples (5.29) but the Shannon-Wiener Diversity Index was comparable between the two samples, 1.98 and 2.09 respectively ( Table 2 ). The overall Margalef and Shannon-Wiener Diversity indices were 8.11 and 2.28, respectively. The fungal community in both winter and summer samples had reached species saturation and the winter samples had a higher species diversity (Fig. 3B) . The fungal community among isolation/metabarcoding and winter/summer samples were analyzed by PCA and the result is shown in Fig. 5 . A large extent of community variation was found across PC1 (87.03%), and to a lesser extent across PC2 (10.88%). Separation across PC1 was associated with changes in fungal composition between the methods; the fungal communities obtained from the metabarcoding method (Winter-NGS, Summer-NGS) were positively correlated while those obtained from the isolation method (Winter-Isolation, Summer-Isolation) were negatively correlated. For PC2, the community variation was associated with the summer and winter samples; the winter samples (Winter-NGS, Winter-Isolation) and the summer samples (Summer-NGS, Summer Isolation) were positively and negatively correlated, respectively.
Total diversity of fungi on Acanthus ilicifolius var. xiamenensis
Based on the average of the percentage of occurrence in the isolation study (Table 1) and metabarcoding analysis (Table 3) , the phylum, class and order classifications of the fungi associated with A. ilicifolius var. xiamenensis were obtained (Figs. 4G-4I ). Ascomycota was still dominant, especially in the winter samples (Fig. 4G) . The dominant classes in the winter and summer samples were Dothideomycetes and Sordariomycetes (Fig. 4H) . Capnodiales, Diaporthales, Glomerellales and Pleosporales were dominant orders in both seasons, although varying in percentage of occurrences (Fig. 4I) . The percentages of Dothideales and Hypocreales were much higher in the summer than in the winter. Table 4 lists the species of fungi identified from the isolation and metabarcoding methods, excluding those taxa at the family level or above. Excluding the composite taxa (i.e., spp.), H. werneckii and Setoseptoria arundinacea were the only fungi recovered from both methods and at least 110 species were identified from leaves of A. ilicifolius var. xiamenensis. The most speciose genus on A. ilicifolius var. xiamenensis was Colletotrichum. Some genera were only obtained with the fungal isolation procedure such as Diaporthe spp., Phoma spp. and Pseudocercospora spp. while some were only recovered with the metabarcoding study, such as Aspergillus spp., Exophiala spp., Trichoderma spp. etc. Species of Alternaria, Aureobasidium, Cladosporium, Colletotrichum, Fusarium, Nigrospora, Pestalotiopsis and Phomopsis were identified with both methods.
DISCUSSION
This study investigated the diversity of fungi associated with leaves of the mangrove plant Acanthus ilicifolius var. xiamenensis using the traditional isolation technique and the metabarcoding approach. In the isolation study, most of the isolates did not fruit on the agar plates and sequence analysis of the internal transcribed spacer regions of the rDNA including the 5.8S rDNA (ITS) was used to identify the cultures. ITS is easily amplifiable by PCR and has the highest probability of successful identification for the broadest range of fungi as compared to other rDNA regions and protein genes (Schoch et al., 2012) . In the metabarcoding analysis, many OTUs were only identified to the phylum or kingdom levels (Table 3 ) and the UNITE database was not extensive enough to identify these sequences down to genus/species level (Nilsson et al., 2019) . However, the metabarcoding approach offers the advantages of finding signatures of unculturable fungi and potential cryptic species not identifiable with other methods. The nested PCR approach used in this study was found to be able to specifically amplify fungal sequences in the samples.
The leaves were surface-sterilized before isolation and therefore the diversity of fungi recovered from isolation represented the endophytic fungal diversity. On the other hand, the diversity obtained from the metabarcoding analysis represented predominantly endophytic fungi and might represent partial diversity of the epiphytic fungi as surface sterilization of leaves by sodium hypochlorite and ethanol does not completely eliminate all fungal DNA on the surface of the leaves (Burgdorf et al., 2014) . This might have resulted in the differences in fungal richness (Margalef species richness, total richness) between the two methods, i.e., generally higher in the metabarcoding analysis (winter: 7.50 (Margalef), 96 species, summer: 5.29, 70) than in the isolation study (winter: 6.24, 30, summer: 5.44, 26) although the Shannon-Wiener diversity index of the two samples was comparable.
The winter samples had a higher fungal species diversity. The weather conditions of Kinmen, Taiwan in January 2014, when the winter samples were collected, were much colder and drier (13.7 • C, 0 mm rainfall, 65% relative humidity) than July 2014 (29.8 • C, 106.9 mm rainfall, 81% relative humidity) for the summer samples. Generally, higher richness and abundance of endophytic fungi were found in hotter and wetter seasons (Pang et al., 2008) .
Only nine out of a total of 47 fungal species isolated from A. ilicifolius var. xiamenensis were common between the two sampling times, showing a seasonal variation of fungal diversity using the culture method. However from the metabarcoding analysis, 55 taxa were found to be common between the winter and summer samples (41 and 15 exclusive fungi in the winter and summer samples, respectively), suggesting there was an overall similarity in fungal diversity between the samples. These results show the weakness of using isolation techniques as the sole methods to study diversity of endophytic fungi of mangrove plants (Abdelfattah et al., 2015) Inoculation of leaf discs on a nutritious medium always favors fast-growing fungi to be isolated. In addition, the isolation medium (MEAF) used in this study only recovered a fraction of culturable fungal diversity and it is advisable to use multiple media to widen the number of fungal isolates (Rosa et al., 2011; Potshangbam et al., 2017) . Three basidiomycetes Phellinus noxius, Phanerina mellea and Tinctoporellus epimiltinus were isolated from the summer samples, but a number of basidiomycetous OTUs were recovered from both seasons from the metabarcoding analysis and this further confirms the importance of culture-independent techniques in studying diversity of fungi. A core group of culturable endophytic fungi was found to be associated with mangrove plants, including species of the genera Acremonium, Cladosporium, Colletotrichum, Fusarium, Pestalotiopsis, Phyllosticta (sexual morph Guignardia), Phoma, Phomopsis (sexual morph Diaporthe) and Sporomiella (Pang et al., 2008) . Many of these genera, such as Acremonium, Cladosporium, Phomopsis, Phyllosticta, among others, were isolated from leaves of A. ilicifolius var. xiamenensis in this study, confirming their prevalence in mangrove plants. However, Sporomiella, a universal endophytic taxon of mangrove plants, was not found in this study (Pang et al., 2008) . The number of species isolated from leaves of A. ilicifolius var. xiamenensis (47) was much higher than those found in related studies in this species: 11 species from roots in Udupi, India (Ananda & Sridhar, 2002) , 10 species from leaves in Ranong, Thailand (Chaeprasert et al., 2010) , eight species from leaves in Tamil Nadu, India (Suryanarayanan & Kumaresan, 2000) and 14 species from leaves in Muthupet, India (Priyadharshini, Ambikapathy & Panneerselvam, 2015) . However, the fungal community obtained from the metabarcoding analysis was different from that of the isolation study. The dominant fungi included Cladosporium spp. and other common terrestrial fungi, such as Hortaea werneckii. H. werneckii is a cosmopolitan halophilic fungus and can potentially cause human diseases (Marchetta et al., 2018) . Together with Setoseptoria arundinacea, H. werneckii was also cultured from leaves of A. ilicifolius var. xiamenensis and it was previously reported from surface-sterilized roots and stems of the mangrove plant Aegiceras corniculatum (Chen et al., 2012) . At least 110 species (excluding the composite genera) were obtained from both isolation and metabarcoding studies suggesting a much higher fungal diversity associated with leaves of A. ilicifolius var. xiamenensis. Ascomycota was dominant with a small proportion of Basidiomycota from both methods, agreeing with similar studies using the traditional culture methods (Hamzah et al., 2018; Zhou et al., 2018) and with Arfi et al. (2012) who used a culture-independent approach. As expected, Basidiomycetes were not commonly cultured as endophytes (Chaeprasert et al., 2010; Xing & Guo, 2011; Costa, Maia & Cavalcanti, 2012) .
Dothideomycetes was found to be the most dominant class in both seasons from both methods. Dothideomycetes were also found to be the dominant class of fungi on the aerial parts (trunk, bark and leaf) of the mangrove plants Avicennia marina and Rhizophora stylosa and Lecanoromycetes in R. stylosa using 454 pyrosequencing of 18S and ITS rDNA genes (Arfi et al., 2012) . Lecanoromycetes is a group of lichenized fungi; it was not found in this study, probably because tree trunk and bark, where this group of fungi normally inhabits, were not analyzed. Also according to Arfi et al. (2012) , Capnodiales, Diaporthales, Dothideales and Pleosporales were dominant on the emerged plant parts, especially in
